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Faculty of Science and Engineering <orgName/>Saga University <street/>Honjo-machi 1, <city/>Saga <postCode/>840-8502 (<country/>Japan) E-mail: yamatot@cc.saga-u.ac.jp [b] <orgDiv/>Center of Bio & Micro/Nano Functional Materials exhibited a large red-shift compared with the OPEF spectra as a result of the complicated working mechanisms in operation, including intramolecular charge transfer (ICT) and twisted intramolecular charge transfer (TICT). All fluorophores exhibit high two-photon crosssections (or two-photon brightness, δΦ), especially for 1348^^GM, which indicated that these materials can be used as colorants for probe and bioimaging applications.
Introduction
Light-emitting organic conjugated molecules with large two-photon absorption (TPA)
cross-sections (δ) have attracted growing attention in recent decades, both at the theoretical and experimental level. This interest stems from their numerous potential applications in biologically-oriented research, [1] photodynamic therapy, [2] three-dimensional lithography/data storage, [3] and in the design of various other types of materials. [4] Within this context, developing rational strategies for the design and synthesis of molecules possessing large δ have led the trend in this field over recent years. Three basic structural motifs, namely dipolar, [5] quadrupolar, [6] and octupolar, [7] have been established including the extended π-conjugated system, the charge-transfer (CT) ability, and strength and position of electron-donating/electron-withdrawing groups influence the adoption of such motifs. [8] As well as the rapid progress on TPA, an active strategy for tuning the CT ability of prepared molecules with a desired TPA activity has been sought. In general, the high sensitivity of various vibrations to electronic density plays a crucial role on their TPA
properties.
[8c] Thus, a facile approach to prepare new charge-transfer molecules with tailored band gaps (ΔE g ) by introducing donor and acceptor groups was developed. Donors can provide a significant contribution to the high lying occupied molecular orbitals because they are prone to donate electrons. Acceptors on the other hand have an effect on the low lying unoccupied molecular orbitals because they are prone to accept electrons (Scheme^^1<schr1>). [9] In the case of donor-acceptor (D-A) structures, the energy gap of the new materials can be significantly tuned compared with the parent components.
One class of polycyclic aromatic hydrocarbons (PAHs) with a large π-conjugated core, excellent photoluminescence efficiency and deserving of particular attention is pyrene.
[10] To date, pyrene-based fluorophores with TPA properties remain rare; examples include dipolar/quadrupolar molecules, [11] and multi-branch structural molecules. [12] Given this, the construction of pyrene-based D-π-A TPA materials with considerable δ values (even more than 1000 GM) is a promising strategy when pyrene is employed as the π-core. The previous studies have shown that donor/acceptor substituted pyrene-based derivatives can exhibit novel and tunable photophysical properties. [13] On the other hand, we also predicted that unsymmetrical D-π-A pyrene-based derivatives will possess efficient TPA properties. Taking account of the above considerations, by introducing different electron-donating/withdrawing substituents, a series of pyrene-based dipolar molecules, with tunable LUMO and HOMO levels and large δ value are reported (Scheme^^2<schr2/ul>). Insight into the structureproperty relationships of one-photon absorption and TPA of the five molecules reported herein was obtained by combining experimental and theoretical results, and evaluating the influence of donor and acceptor groups.
Results and Discussion
The synthetic procedure for 2 is outlined in Scheme^^2<xschr2>, and was designed to gradually modulate the energy levels by changing the substituents. Thus, a set of pyrenebased dipolar molecules 2 were synthesized in high yield by the Pd-catalyzed coupling reaction of the precursor 1,3-diphenyl-6,8-dibromopyrene 1.
[13a] The structures and high purity were unambiguously confirmed by 1 H/ 13 C NMR spectroscopy, high-resolution mass spectrometry (HRMS) and X-ray crystallography. The detailed synthetic procedures and characterization data are given in the Supporting Information (Figures^^S1--S10 †). All compounds exhibited good solubility in common organic solvents and exhibited excellent thermal stability.
Single crystals of 2b, 2c and 2e were obtained from chloroform/hexane mixtures by the slow solvent evaporation method, and were analyzed by single crystal X-ray diffraction crystallography using synchrotron radiation. As depicted in Figure^^1<figr1>, Table^^S1, and Figures^^S11--S13, in case of 2b and 2e, the two para-substituted rings are almost coplanar with the pyrene moiety, while the two phenyl groups are more substantially twisted in all three X-ray structures. The dihedral angles between the para-substituted rings and the pyrene core (C1>C16) are 17.03(6)° (C39>C44), 7.97(6)° (C31>C36) for 2b, and 9.51(9)° (C41>C46), 9.07(9)° (C31>C36) for 2^e. with the F-substituted analog 2b, the π--π stacking interactions between the NMe 2 -substituted molecules are substantially weakened due to the bulky para substituent, which should favor tunable emission properties in solution with more substantially twisted structures.
Initially, density functional theory (DFT) calculations were performed to evaluate the energy levels of this type of dipolar molecule at the B3LYP/6-31G* level. As depicted in
Figure^^3<figr3>, the energy gaps gradually reduce from 2a to 2e, which further indicated that this strategy to tune the LUMO and HOMO levels is an efficient process. Compared with the compound 1,3-diphenylpyrene (3.58^^eV), compounds 2 exhibited distinctly lower energy gaps, which is due to the introduction of donor or acceptor groups at the 6-, and 8-positions. Compared with 2a, the energy gaps of the other four compounds 2b--2e also gradually reduce, which is associated with the donating-or withdrawing-electron ability of the substituents (R) at the para-position of arylethynyl. Specifically, relative to 2a (R<C=>H), 2b
(R<C=>F) and 2c (R<C=>OMe), the substituent groups at the 6-, and 8-positions are weakly electron-withdrawing/donating substituents, respectively, and provide a certain degree of influence over the LUMOs and HOMOs. For compound 2d (R<C=>CHO), the terminal substituent is a strong electron-withdrawing group, and so it provided energetically enhanced LUMOs, which are mainly distributed over the pyrene core and arylethynyl substituents. On the contrary, the HOMOs of compound 2e (R<C=>N(CH 3 ) 2 ), with strong electron-donating substituents, are mostly localized on the pyrene core and arylethynyl substituents. This implies that the HOMOs and LUMOs are determined by the terminal substituents R. [14] Theoretical studies indicate that there are several effective strategies to improve the TPA cross-sections, such as highly delocalized conjugated system, increased intramolecular charge transfer character, and multi-branched molecular structures. Consequently, in our present systems, the extended conjugated D-π-A molecules with ICT character along the long axis were predicted that they possess TPA properties, especially for compounds 2d and 2e.
Further investigations of the UV-vis absorption and emission properties were performed for compounds 2 based on our preliminary theoretical guidance, and the key spectroscopic parameters are summarized in Table^^1<tabr1>. As shown in
Figure^^4a<figr4>, the absorption spectra of 2 in dichloromethane are distinctive but complicated, which is attributed to the D-π-A type molecular structures and the extended π-conjugated system. A gradual bathochromic shift was observed in the order 2a≈2b<2c<2d<2e, indicating the increasing tendency of intramolecular charge transfer (ICT).
On the other hand, the type of absorption profiles present obvious distinctions, especially for 2d and 2e, the more tunable and sensitive absorption properties are mainly associated with the extent of ICT and twist intramolecular charge transfer (TICT). Specifically, for 2a--2c, three sets of pronounced absorption bands were observed. Firstly, a short-wavelength band distributed in less than 250^^nm which is mainly due to the π--π* transitions of the phenyl groups and the pyrene core. Secondly, a long-wavelength band localized in the range of 409--434^^nm with high molar absorption coefficients (53100--70100^^cm <M->1^M<M->1 ), and lastly an absorption band mainly centered at 318--336^^nm with higher values for the molar absorption coefficients (49600--82800^^cm <M->1^M<M->1 ). However, more obvious and complicated characteristic absorption bands were noted for 2d and 2e. In particular, new absorption bands at 367^^nm with a low value of ε (39800^^cm <M->1^M<M->1 ) for 2^d, and at 388^^nm with a low value of molar absorption coefficients (52300^^cm <M->1^M<M->1 ) for 2^e
were observed, respectively. The results of the above mentioned results for compounds 2 indicate that their excited states possess significant charge transfer (CT) absorption associated with the withdrawing-or donating-electron peripheral unit at the 6,8-diarylethynyl terminal substituents in these D-π-A systems.
In contrast, the fluorescence spectra of compounds 2 exhibit a clear and simple emission band, the emission maxima are in the range 452--532^^nm in CH 2 Cl 2 solution (c=5×10 <M->7^^M ) with a sequential bathochromic shift in the order 2a≈2b<2c<2d<2e respectively, which indicates an increasing trend for the charge transfer. [17] Concentration dependent experiments were carried out in CH 2 Cl 2 solution successively, and the emission properties of these compounds are consistent with the X-ray structural information. Taking compound 2b as an example, the emission spectra exhibited a wide peak at 452^^nm with a shoulder at 478^^nm in dilute solution, and the shoulder band has gradually become domination with increase of concentration, which results from the formation of excimer. The fluorescence quantum yields and emission decay profiles of the compounds 2 are shown in Table^^1<xtabr1>. All compounds exhibit high quantum yields (≥0.75) and considerably short lifetimes (≤15^^ns) at room temperature (Figure^^S17). The same prompt and delayed PL emissions readily reveals the emission state resulting from the lowest singlet excited state.
[18]
The two-photon absorption (TPA) spectra of the five compounds 2 were studied using a two-photon-excited fluorescence (TPEF) technique with a femtosecond pulsed laser source.
[19]
TPA cross sections (δ) have been measured using the two-photon induced fluorescence method, [20] and thus the cross section can be calculated by means of
Equation^^ (1) (1) where the subscripts s and r refer to the sample and the reference materials, respectively. δ is the TPA cross section value, c is the concentration of the solution, Ф is the fluorescence quantum yield, F is the two-photon excited fluorescence integrated intensity, and n is the refractive index. δ r is the two-photon absorption cross-section of fluorescein in sodium hydroxide aqueous solution (pH=13.0) as the standard.
[21]
The TPA spectra of a series of compounds 2 were performed in DMSO solution at 20^^nm intervals from 780 to 900^^nm by using a femtosecond pulsed laser source. The TPA spectra of compounds 2 are presented in Figure^^6<figr6> Especially for 2d (1450^^GM) and 2^e (2210^^GM), the δ s values are large by comparison with other small pyrene-based molecules reported to date, [11] indicating that the extended π- This result implies that pyrene as an efficient π-center may serve as a promising two-photon imaging material for various applications.
[22]
Apart from TPA properties, the two-photon excited fluorescence (TPEF) of 2 was also studied under the same experimental conditions (λ ex =780^^nm). As shown in
Figure^^7<figr7> and Table^^1<xtabr1>, the spectral profiles for the TPEF are basically identical to the one-photon excited fluorescence (OPEF) except for 2e. The similarities between the TPEF and OPEF indicated that they would finally relax to the same fluorescent excited state by either one-or two-photon excitations. Thus, for compounds 2a--d, it seems to be impartial to the influence of the TPEF and OPEF properties except for a slight red-shift (no more than 5^^nm). On the other hand, the different spectral selection rules for TPA and onephoton absorption (OPA) processes can lead to different excited states in these two cases.
[23]
For compound 2e, a large red-shift (49^^nm) was observed, and we assume that the distinction results from the reabsorption effect. [24] The effect occurs at high concentration;
(10 <M->5^^m ol/L for the measurement of TPEF, and 10 <M->7^^m ol/L for the measurement of OPEF). Furthermore, such red-shifted emission spectra can be ascribed to the different emitting states accessed by one-or two-photon excitation.
[25]
Presented here, the OPEF and TPEF properties combined with theoretical calculations indicate that D-π-A pyrene systems exhibit excellent tunability for the design of large TPA cross sections and two-photon action cross sections. This type of molecule is not only a promising OPEF activator, but also an efficient TPEF fluorophore.
Conclusions
In conclusion, we have demonstrated an efficient and facile strategy for the design and synthesis of D-π-A pyrene-based fluorophores with large TPA cross section, which benefit from theoretical guidance. A microscopic rule was employed to prepare a series of dipolar molecules with graded energy gaps. Aided by this method, the first example of small pyrene-based dipolar molecules with δ above 2200^^GM is reported, which can be attributed to the strong electron-donating nature of the <C->N(CH 3 ) 2 groups present. The electron-withdrawing nature of the <C->CHO groups results in a dipolar molecule with high quantum yield (93^%) and large TP action cross section (1348^^GM).
Such OPEF and TPEF properties indicate a promising application in two-photon imaging materials. More studies are necessary to understand the underlying mechanisms of this type of molecule, and further detailed investigations are aimed at developing such TPA fluorophores in our laboratory.
Experimental Section

General Procedures
Synthetic routes for the five compounds 2 are shown in Scheme^^2<xschr2>. All reactions were carried out under a dry N 2 atmosphere. Solvents were Guaranteed reagent (GR) for cyclohexane, 1,4-dioxane, tetrahydrofuran (THF), dichloromethane (CH 2 Cl 2 ), dimethylformamide (DMF), and dimethyl sulfoxide (DMSO), and stored over molecular sieves. Other reagents were obtained commercially and used without further purification. Reactions were monitored using thin layer chromatography (TLC). Commercial TLC plates (Merck Co.) were developed and the spots were A series of compounds 2a--e were synthesized from 1,3-diphenyl-6,8-dibromopyrene 1 [13a] using the corresponding aryl alkyne by a Sonogashira coupling reaction.
1,3-Diphenyl-6,8-bis-(phenylethynyl) pyrene (2a)
A mixture of 1,3-diphenyl-6,8-dibromopyrene 1 (102^^mg, 0.2^^mmol), phenylacetylene (82^^mg, 0.8^^mmol), PdCl 2 (PPh 3 ) 3 (14^^mg, 0.02^^mmol), CuI (7.6^^mg, 0.04^^mmol), PPh 3 (5^^mg, 0.02^^mmol) was added to a degassed solution of Et 3 N (5^^mL) and DMF (5^^mL). The resulting mixture was stirred at 100^°C for 24^^h. After it was cooled to room temperature, the reaction was quenched with water. The mixture was extracted with CH 2 Cl 2 (2×500^^mL), the organic layer was washed with water (2×30^^mL) and brine (30^^mL), and then the solution was dried (MgSO 4 ), and evaporated. The residue was purified by column chromatography eluting with a 1^:^3 88.0, 95.4, 117.7, 123.4, 124.9, 125.1, 125.5, 127.0, 127.5, 128.2, 128.5, 128.5, 130.0, 130.6, 130.7, 131.7, 132.0, 133.4, 138.6, 140.7^^ppm A similar procedure using phenylacetylene, 4-fluorophenyl acetylene, 4-methoxyphenyl acetylene, 4-formylphenyl acetylene, was followed for the syntheses of 2b--e. 7, 94.4, 110.1, 115.76, 116.0, 117.5, 119.5, 125.1, 125.4, 127.2, 127.6, 128.2, 128.5, 130.1, 130.7, 132.1, 133.3, 133.6, 133.6, 138.7, 140.7, 161.5^^ppm 54.5, 85.9, 94.6, 113.3, 114.6, 117.1, 124.1, 124.2, 124.6, 125.8, 126.6, 127.3, 127.5, 129.0, 129.8, 130.7, 132.1, 132.3, 137.4, 139. 91.9, 94.6, 110.0, 116.7, 125.1, 127.7, 127 .9,
X-ray Crystallography
Suitable single crystals of 2b, 2c and 2e were obtained from solution of chloroform/hexane (2^:^1), respectively. Diffraction data was collected at the ALS, beam line 11.3.1, using silicon 111-monochromated synchrotron radiation (λ=0.7749^^Å). Data were corrected for Lorentz and polarisation effects and for absorption from multiple and symmetry equivalent measurements.
[26] The structures were solved by a charge flipping algorithm and refined by full-matrix least-squares methods on F 2 .
[27] For 2c the absolute structure could not be reliably determined due to the lack of a heavy atom. In 2c the chloroform molecule was positionally disordered over two sets of positions with major component occupancy of 62.5(5)^%. There was some evidence of low occupancy second component disorder in several of the Ph and C 6 H 4 rings and the OMe groups, but this was not modelled. 
Figure^^1
Crystal structures of 2b (a), 2c (b) and 2e (c).
Figure^^2
Illustration of crystal packing and intermolecular interactions: Crystal structures of 2b (a, b), 2c (c, d), and 2e (e, f).
Figure^^3
Frontier-molecular orbital distributions and energy level diagrams for 2a--e (from DFT calculations).
Figure^^4
One-photon absorption (a) and emission (b) profiles for compounds 2 in CH 2 Cl 2 solution.
Figure^^5 a) Emission spectra of 2^e in cyclohexane (CYH), 1,4-dioxane (DOA), THF, DCM, and DMF at room temperature; b) Lippert--Mataga plots for compound 2e.
Figure^^6
Two-photon excitation spectra of 2a--e in DMSO. Error limit: 15^%.
Figure^^7
Normalized two-photon-excited fluorescence spectra (solid line, λ ex =800^^nm) of compounds 2 in DMSO solution. One-photon-excited fluorescence spectra are shown for comparison (dashed line).
Table^^1
Linear and nonlinear optical properties of compounds 2a--e.<W=3>
